LEED crystallographic determination of the surface structure designated as Rh (100)-c(2x2)-S. by Chu, Hon Yue. & Chinese University of Hong Kong Graduate School. Division of Chemistry.
LEED CRYSTALLOGRAPHIC DETERMINATION 
OF THE SURFACE STRUCTURE DESIGNATED 
AS Rh(100)-c(2x2)-S 
By 
Chu Hon Yue 
( 4 必 於 ） 
/ 
A thesis submitted in partial fulfilment of 
of the requirement for the degree.of 
Master of Philosophy in 
The Chinese University of Hong Kong 
1990 
Thesis Committee: 
Dr. K.C. HUl, Chairman 
Prof. T.C.W. MAK 
Dr. S.P. SO 
Dr. C.F. NG, External Examiner 






：：； 0 ？ oa iril ] 1 '1 
：i o 、 / 丄 ’ 1 
乂〜 ：、 
... 、：. - , 
• • • -
ACKNOWLEDGEMENTS 
工 would like to express my greatest thanks to my 
advisor, Dr. Ka—Chung Hui, for his guidance during the 
course of the research and the preparation of this 
thesis. 工 am also very grateful to Professor K.A.R. 
Mitchell and J.R. Lou of the Surface Science Group of the 
University of British Columbia, Canada, for allowing me 
to use their experimental data. Thanks are also given to 
Dr. Van Hove of the Lawrence Berkeley Laboratories for 
providing the subroutine library for the dynamical LEED 
calculations in this w o r k .工 am greatly indebted to M r . 
Ka—Yiu Wong for his help in writing the computer 
programmes for plotting the 工（E) curves and the contour 
maps on a PC-based system. 
I am also grateful to the staffs of the Computer 
Service Centre of the Chinese University of Hong Kong for 
their assistance in solving the computer problems. 
May 1990 
Hon-Yue Chu 
Department of Chemistry, 




The surface structure of sulphur adsorbed on rhodium 
metal surface designated as Rh(lOO)-c(2x2)-S had been 
analyzed by the low-energy electron diffraction (LEED) 
crystallographic method. Three surface structural 
models, namely, the four-fold symmetric top site model, 
the two-fold symmetric bridge site model and the four-
fold symmetric hollow site model, had been tested. The 
renormalized forward scattering method was employed to 
calculate the theoretical I(;E) curves. The Zanazz土一J〇na 
r-factors were used as an index to indicate the degree of 
matching between the experimental and the calculated 工（E) 
curves. The adsorbate-metal interlayer spacing, the 
first substrate interlayer spacing, the Debye temperature 
of sulphur and the real part of the inner potential of 
the surface were varied to obtain an optimum match 
between experimental and calculated 工（E) curves. Contour 
maps of revalues were drawn to determine the best 
topmost interlayer spacings and the best inner potentials 
for the three models. 
Results indicated that the sulphur atom was adsorbed 
on the four-fold symmetric hollow site at a distance 
1.24A from the first substrate layer. Based on the hard 
sphere model, the surface bond length for the sulphur-
rhodium bond is 2,21k which is close to the corresponding 
• •+ 11 
bulk value of 2.365A for the compound Rh^Ss and the 
sulphur atomic radius is 0.93A which corresponds to 
values reported for c(2x2)-S adsorbed on other metal 
surfaces. 
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Rhodium is one of the most widely used industrial 
metal catalysts. It is used in the reduction of nitrogen 
oxides in the exhaust of internal combustion engines, in 
hydroformylation, that is, the addition of CO and H^ to 
an alkene to produce an aldehyde with one more carbon in 
its skeleton, and in the production of methane (CO + SH^ 
一— C H 4 + H2〇） and higher molecular weight hydrocarbons 
from CO and H^ [1] . On the other hand, sulphur, being a 
common catalytic poison, can usually be found in crude 
oil and coal. Since hydrogen sulphide will be produced 
during the production of the synthesis gas (CO + H^) from 
coal and sulphur dioxide will be evolved during the 
combustion of coal and oil, it may be unavoidable that 
gaseous sulphur compounds are present when the above 
catalytic processes are carried out. As a result, during 
the above three catalytic processes, the rhodium metal 
may be catalytically deactivated by the corresponding 
gaseous sulphur compounds after they have dissociatively 
adsorbed on the rhodium metal surface. The understanding 
of the poisoning effect of sulphur on rhodium is 
therefore of both fundamental and practical interest. 
Although a large number of studies on the effects of 
sulphur on the catalytic properties of many metal 
catalysts [2], such as Fe [3], Pt [4], Mo [5] and 
1、 
Ni [6,7,8,9] had been reported, very little was known 
about the true nature of the interaction. 
The work in this thesis involves the structural 
analysis of a rhodium surface chemisorbed with sulphur. 
It is hoped that the results from such investigations 
may shed light on the following aspects of sulphur-metal 
interaction : 
a. The strength of the surface metal-sulphur bonds and 
their nature, that is, whether they are ionic or 
covalent. 
b . The mechanism of sulphur adsorption on metal surfaces. 
c. The poisoning of metal catalysts either by simple 
geometrical blocking or by long range electronic 
effects that may influence the adsorption site many 
atomic distances away. 
d. The mechanism of sulphur removal from the surface, 
which is important in the development of 
regeneration techniques for sulphur-poisoned 
catalysts [2]. 
Several ordered structures of sulphur adsorbed on low 
Miller—index planes of Rh have been reported previously, 
for example, Rh(110)-c(2x2)-S [10,11] and Rh(100)-p(2x2)-
S [10,12]. This thesis reports a structural analysis for 
Rh(lOO)-c(2x2)-S by low-energy electron diffraction 
(LEED). 
2、 
In the Wood‘s surface notation Rh(100)-c(2x2)-S, the 
symbol c(2x2)-S denotes a surface square unit cell of 
the sulphur overlayer with the length of one side of the 
unit cell being equal to two times that of the Rh(lOO) 
surface unit cell. The letter c (centred) indicates that 
a sulphur atom is located at the centre of the overlayer 
unit cell. 
The experimental data used in this work is supplied 
by the Surface Science Group at the University of British 
Columbia, Canada. 
3、 
"• LOW ENERGY ELECTRON DIFFRACTION 
2.1. LEED EXPERIMENT 
The low-energy electron diffraction (LEED) 
crystallographic method has been recognized as a powerful 
technique in studying the structure of clean surfaces and 
surfaces with different adsorbates. The apparatus of a 
standard LEED experiment consists of a vacuum chamber, an 
electron gun and a hemispherical fluorescent screen (Fig. 
1) • Ultra-high vacuum (<10-^°Torr) is maintained inside 
the chamber to minimize the contamination of the sample 
during the experiment. The screen is metallic in nature 
(to avoid charge build—up) and is coated with a 
fluorescent material. There are usually four grids 
placed in front of the screen. The sample and the grid 
nearest to the sample (the first grid) are earthed to 
ensure that the diffracted beams travel in a field—free 
space. The second and the third grids (energy—selection 
grids) are maintained at a potential a few volts below 
the incident electron beam so as to screen off all those 
inelastically diffracted electrons whose energies are a 
few volts less than that of the elastically diffracted 
electrons. The fourth grid is earthed to isolate the 
potential of the energy-selection grids from the screen 


















































































































































































































































The surface of the sample is cleaned by heat treatment 
in oxygen to remove organic compounds that may adhere to 
the surface. Then the residual oxygen molecules or other 
impurities are sputtered off by argon ion bombardment. 
The damage done to the sample surface is then healed by 
annealing at high temperatures. These procedures are 
repeated several times until the impurity levels are 
acceptably low, which can be checked by Auger electron 
spectroscopy [14]. 
In a typical LEED experiment, a monochromatic electron 
beam is incident at a definite angle onto a crystalline 
surface inside an ultra-high vacuum chamber at a constant 
temperature. The beam is then diffracted and scattered 
by the surface atoms. The backward scattered beams of 
constructive interference are electrostatically 
accelerated to strike on a hemispherical fluorescent 
screen. The diffraction pattern is investigated and the 
intensities of the spots or beams are recorded. The 
procedure is repeated for different energies (eg. 20eV_ 
500eV). Low energy electrons are employed to ensure that 
the penetration depth of the electrons is small and only 
the top few layers of the solid surface are investigated. 
By visual inspection of the diffraction pattern, the 
diperiodicities of the unit cells of the adsorbate as 
well as the substrate may be determined. 
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2.2. LEED CRYSTALLOGRAPHY: 1(E) CURVES 
The graphs of the intensity of the diffracted beam 
versus the energy of the incident electron (or 工（E) 
curves) at a fixed incident angle are plotted for several 
conveniently measurable beams. These experimental 工（E) 
curves are plotted and compared with the corresponding 
theoretical 工（E) curves obtained from dynamical LEED 
calculations based on model structures. Since the 
intensities of the diffraction beams depend very much 
upon the detailed geometrical structures of the adsorbate 
and the substrate, the comparison of the theoretical and 
the experimental 工（E) curves may help to determine the 
relative positions of adsorbate and substrate atoms near 
the surface region. 
The theoretical 工（E) curves are calculated by assuming 
a structural model for the cleaned or adsorbed crystal 
surface. Different possible structural models are tested 
and that whose 工（E) curves can be best fitted to 七he 
experimental 工（E) curves, as judged by eye and/or by 
means of a quantitative reliability factor to be 
discussed later, is considered to be the most probable 
structure of the surface. Several mathematical 
approaches for calculating the theoretical 工（E) curves 
are available and have been discussed by Van Hove and 
Tong [15] . Some of these are exact methods, for example, 
matrix inversion, while others are perturbative in 
7、 
nature, for example, the reverse scattering perturbation 
(RSP), the layer doubling and the renormalized forward 
scattering perturbation (RFS) methods. The choice of a 
computing method depends on the complexity of the 
structural model and the scattering properties of the 
atomic species involved. The renormalized forward 
scattering perturbation scheme has been adopted for the 
relatively simple structures attempted. 
2.3. AN OUTLINE OF THE PHYSICS OF LEED 
The following brief discussions on the principles and 
the physics of LEED are mainly based on references [13, 
15, 16, 17]. Detailed description of LEED theories can 
be found in these references. 
2.3.1 LEED Process In One—Dimensional Surface 
An electron wave, exp(ikx) , where k is the wave 
vector, which is incident on the crystal from x = 一 o o , is 
considered. The crystal is modelled by a semi—infinite 
row of identical, equally-spaced atoms (a perfect one-
dimensional crystal). This wave is partially reflected 
into a wave described by the following expression 
(assuming the transmission coefficient t = 1): 
00 
y •J^。ik2bj -ikx _ -ikx . , ^  Jk2b、 , 
.L re e - re / (1-e ) (2.3.1) 
D=0 
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where r is the reflection coefficient and b is the 
lattice parameter (and x = o at the first atom). 
Generally the reflected wave intensity is small but 
becomes infinitely high at each Bragg condition: 
k2b = n27r (2,3.2) 
Equation (2.3.1) violates the current conservation due 
to 七he assumption of total transmission (t = i)• Hence 
t < 1 is assumed for an improved physical description. 
Consequently equation (2.3.1). is modified to: 
= re-ikx / (i_t2eik2b) (2.3.3) 
〕 = 0 ^ ‘ 
The new expression gives the same maxima at the same 
energies with neither infinite height nor infinite 
sharpness since the denominator in equation (2.3.3) will 
not vanish. 
Since multiple reflections may take place, the current 
is not totally conserved as expressed by equation (2.3.3) 
unless all multiple reflections (to an infinite order) 
are included. The result will be more accurate if the 
Bloch wave theory [16] is used, which treats the multiple 
scattering self—consistently• Nevertheless, both the 
position and the width of the reflection peaks do not 
change appreciably after the treatment of the Bloch wave 
theory . 
In order to satisfy wavefunction continuity, a complex 
transmission coefficient t has to be assumed. Now the 
9、 
Bragg condition for a reflection maximum changes into 
k2b + 2arg(t) = n27r (2.3.4) 
where n is an integer. This implies that when an 
electron is transmitted through an atom, its optical path 
will be modified by a phase shift arg(t) • This is due to 
the fact that when an electron passes through an atom 
with an attractive atomic potential, its speed will be 
increased temporarily. This increased kinetic energy 
causes a momentary shortening of wavelength. Thus the 
phase of the scattered electron advances faster and the 
emerging phase will be in front of its original one. 
There are two physical components contained in this 
"transmission phase shift". The first is the inner 
potential effect which causes a rigid shift of the energy 
axis of an 工（E) curve by about 5eV to 15eV (the magnitude 
depends on the substance used) . The second is due to the 
multiple scattering of an electron within a single atomic 
core. Strong resonance effects occur and result in 
substantial phase shifts. The resonance effects vary 
with the electron energy and so therefore are the 
transmission phase shifts. As a result, two features of 
the peaks will be observed. Firstly, their positions 
will occur well below their kinematically (single 
scattering event) expected energies (due to the inner 
potential effect)• Secondly, the peaks will scatter 
10、 
about their energy positions which have been corrected 
from the inner—potential effect (due to the intra—atomic 
scattering). 
2-3,2. LEED Process In Three-Dimensional Surface 
For a true surface, more beams are obtained when 
compared with one—dimensional surface as a result of its 
two—dimensional periodicity. A set of beams 
characterized by the two—dimensional reciprocal lattice 
vector g is observed as sharp spots on the fluorescent 
screen if the crystal surface is well-ordered. Their 
positions are only determined by the two-dimensional 
periodicity and the wavelength of the electron wave. 
The positions of the beams are independent of the 
scattering mechanism (whether kinematic or multiple 
scattering)• Since the scattering mechanism affects only 
the absolute phases of the reflected waves, it does not 
affect the positions of the beams which are mainly 
determined by the relative phases of the reflected waves, 
which in turn depend on the unit cell dimensions. 
Whenever one of the scattering events , for example, 
a beam g is diffracted into a beam g\ satisfies the 
following Bragg condition in a chain of scattering 
events, a diffraction peak occurs. 
k丄(g)a + arg(tgg) + k丄(g,)a + arg(tg.g.) = n27r (2.3.5) 
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where n is an integer, t^^ and t^^. represent the 
transmission coefficients, and k丄(g') are the 
components of the wave vectors k(g) and k(g') 
perpendicular to the layers respectively and b is the 
layer separation. 
2.3.3. Surface With An Overlayer 
If an overlayer of mono—atomic thickness is adsorbed 
at a distance d from the d e a n substrate, the total 
electron reflection coefficient R in the o n e - d i m e n s i o n a l 
case can be expressed by the following equation: 
R = r, . / (1 - (2.3.6) 
where R^ = the substrate reflection coefficient 
r。 = the overlayer reflection coefficient 
to = the overlayer transmission coefficient 
For a three—dimensional case, a similar matrix 
equation can be used. The factor (1 一 e^'^^r^R^) describes 
multiple scattering between substrate and overlayer. The 
absorption of the wave by the overlayer and the substrate 
atoms and the relative small values of |r| and 丨 R 
(typically 0.1 and 0.5 to 0.1 respectively) make the 
effect of the factor unimportant in practice. If this 
multiple scattering factor is neglected, the Bragg 
condition for an interference maxima between overlayer 
and substrate layer will become 
2kd + 2arg(to) + arg(RJ 一 arg(rj = n27r (2.3.7) 
12、 
where n is an integer. 
The interference between overlayer and substrate is 
obviously strongly dependent on the geometrical 
arrangement of both types of the atoms on the surface. 
This explains why the 工（E) curves are highly sensitive 
to the surface inteirlayer separations. 
2. 3 .4. The Muff in—Tin Model And The Optical Potent-, i ^  1 
For the LEED calculation, .the construction of a one-
electron ion—core potential for each atomic species of 
the crystal is very important [20]. However, the real 
ion—core potential is very complicated. its non-
locality, as well as its electrostatic, exchange and 
correlation effects should all be taken into 
consideration and should be treated self-consistently 
[15, 18]. Such treatments will demand an enormous amount 
of computational work. in order to make LEED 
calculations practical within most mainframe computers‘ 
capabilities, a highly simplified model for the ion core 
potential, known as the "muffin—tin model", is used. 
In this model, the atoms are considered as touching 
but non—overlapping perfect hard spheres with their 
centres at the nuclei of the atoms. Inside the sphere, 
the potential is regarded as spherically symmetric about 
the centre. Outside the spheres, the potential of the 
interstitial space is given a constant value which is 
13、 
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Fig. 2. The top view of the muffin-tin spheres and the 
cross—sectional view of the variation of the potential at 
the surface of a crystal. 
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usually called the inner potential or the optical 
potential. Figure 2 shows a top view and a cross-section 
of a crystal composed of spherical muffin—tin potential. 
The potential varies with the energy of the incident 
electron and it is different between the overlayer and 
the substrate. Since these variations only affect the 
results slightly, the, potentials of the overlayer and the 
substrate are usually set to be the same and constant 
over the range of the incident electron energies studied. 
There are two advantages of using the muffin—tin 
model. Firstly, the scattering process of the electron 
by a single atom can simply be described by a set of 
phase shifts which depends on the nature of the atom, the 
angular momentum and the energy of the electron. 
Secondly, a free-space wavefunction, which is easy to 
manipulate mathematically, can be used when the electron 
propagates through the space between the atoms. 
The optical potential V。 consists of two parts: a real 
part and an imaginary part, both of which are negative in 
sign. Therefore it is always expressed in the form: 
Vo = Vor + iVoi (2.3.8) 
The effect of the real part of the potential V^^ is to 
cause a shift of the energy axis of the 工（E) curve, since 
when an electron penetrates from the vacuum into the 
solid, it gains an energy by an amount equal to the value 
of Vor. 
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The imaginary part is responsible for the damping 
of the electron energy. This effect shortens the mean 
free path of the electrons, thereby reducing the number 
of scattering events. For a small value of V。丨，it can 
be related to the mean free path L of the incident 
electron by an approximation: 
IVoi 丨 ^  / 47r、L (2.3.9) 
where m^ is the mass of an electron and h is the Planck's 
constant. V。丨 has another effect of broadening the peaks 
of the 1(1：) curves so that many detailed structures will 
be obscured if V^^ has a large negative value. 
A problem arises when an electron passes from the 
vacuum to the bulk of the crystal or vice versa because 
there is a potential transition from the bulk inner 
potential to the vacuum zero-potential• This form of 
transition is poorly known, although three effects are 
associated with it. Firstly, when an electron wave 
passes through the potential step, the momentum parallel 
to the surface is unchanged while the momentum 
perpendicular to the surface varies. As a result, 
refraction (like light passes from air to water) of the 
wave occurs. This effect is included in the LEED 
calculations. Secondly, the wave may be reflected by 
the step but this can be neglected if the energy of the 
incident electron is high enough because reflection 
becomes important only when the electron energy is less 
16、 
than a few times the step height. Thirdly, additional 
diffraction by the step can occur if the potential step 
is parallel to the surface. However, this effect is 
small and not considered in the calculations. 
2.3.5. The Phase Shift 
If a wave of wave vector k^ is scattered by a 
spherically symmetric potential (an ion core) through an 
angle e , its scattered wave .will be in the form of a 
spherical wave at large distance from the centre of the 
potential, whose amplitude depends on the scattering 
angle 0 . It has the following asymptotic form: 
exp(ik^.r) + t(e)exp(ik。r) / r (2.3.10) 
where r is the distance from the atomic nucleus, e is the 
scattering angle, t(e) is the atomic scattering amplitude 
(t -matrix) and k, = I k J = [2(E - V。）]’气 t(e) can be 
expanded in a series of Legendre polynomials P (cose), 
giving 
00 
t(e) = 47r 2 (2|+l)t^p^(cos0) (2.3.11) 
X=o 
where t义 is a t一matrix element with 
t义二 [exp(2icS^) - 1] / 4iko (2.3.12) 
=exp(i<S义）sincS足 / 
where 5 义 is the phase shift for an angular momentum I• 
The scattering of an electron wave by an ion core can 
therefore be characterized by a set of phase shifts 5 义. 
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The phase shifts depend on both the particular atomic 
potential as well as the energy and the angular momentum 
of the incident electron. 
Theoretically summation over | in equation ( 2 . 3 . 1 1 ) 
should be from 又 = 0 to l=oo in order to obtain an accurate 
t(e). In practice, however, the phase shifts of high | 
values contribute little to the value of t(0) at low 
electron energy. Therefore small number of phase shifts 
will be needed to obtain good approximation of t(e) when 
the incident electron energy is low. In the case of high 
incident energies, larger values of should be included. 
This will require more phase shifts to describe the 
Legendre polynomials which, being the oscillating 
functions of angle e, oscillate more rapidly as | 
increases. Pendry [16] has shown that the maximum 
value of importance 义max is given by 
kRm ^ Imax (2.3.13) 
Where R ^ is the muffin-tin radius of the atom. 
In the input data for the dynamical LEED calculations, 
the values of phase shifts are input in discrete values 
for a set of [ at certain energies which include the 
range of the energies studied. The computer programme 
will automatically interpolate for other / values in the 
range of energies studied. This avoids repeating tedious 
calculation of the phase shifts at different energies. 
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Until now, we have been only concerned with the waves 
(scattered and unscattered) outside the muffin—tin 
spheres. The experimental observations of LEED are 
restricted to the region outside the muffin—tin spheres, 
and the incoming and the outgoing waves can be 
approximated by using the phase shifts. This is enough 
for solving the problems in the LEED calculations. 
Therefore, there is no need to know what has happened 
inside the sphere when a wave is passing through it. 
2.3.6. Thermal Effects 
The rigid, perfectly ordered ideal surface has great 
deviations from the real surface. The real surface may 
contain physical defects (such as steps and dislocations) 
and impurities. Moreover, the atoms of the surface have 
vibrations whose amplitudes vary with temperature. 
Indeed the thermal effect may give rise to the following 
phenomena in LEED. Firstly, the lattice will expand, 
shifting the peaks of the 工 ( E ) curves towards lower 
energies. Secondly, there will be an energy exchange 
between phonons (the energy quanta resulting from the 
vibration of the lattice) and the incident electrons, 
this contributes to the inelastic scattering events. 
Thirdly, the ion core will be displaced from its 
equilibrium position momentarily. This may lead to a 
reduction of scattering coherence, thereby reducing the 
19、 
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intensities of the constructively interfered beams (i.e. 
the peak heights in the 工（E) curves decrease). The third 
effect is the most important one and is only considered 
in the LEED calculations. 
If an electron wave encounters a scattering event, it 
will suffer an amplitude attenuation by a factor of 
exp(-M) where M is the Debye-Waller factor given by [13, 
15, 17] 
M = = I Ak|2<(Ar)S / 6 (2.3.14) 
where Ak is the momentum transfer resulting from the 
diffraction from one beam to another inside the surface. 
< ( A r ) > is the mean square vibration amplitude and is 
given by 
<(Ar)2> = {[<(Ar)%=o]2 + [<(Ar)2>Tj2,2 (2.3.15) 
For very high temperatures (T»D-p, where 0丁 is the 
Debye temperature), 
<(Ar)%^①《 9T / _日0丁2) a.u. (2.3.16) 
where kg is the Boltzmann constant and has a value of 
3.17X10-® hartrees/kelvin (1 hartree = 27.21eV), m is the 
mass of the atom in electron mass unit and T is the 
temperature of the crystal in kelvin. For low 
temperatures (Dy>>T), 
<(Ar)2>T_^o ^ 9(、+ 1.642tVd/) / mkeD, a.u. (2.3.17) 
For an isotropic thermal vibration, the t-matrix in 
equation (2.3.11) will change into t^(0)： 
tT(e) = exp(-M)t(e) ( 2 . 3 . 1 8 ) 
20、 
00 
tT(e) = 47r^S^(2X+l)t/p^(cose) ( 2 . 3 . 1 9 ) 
t / = {exp[2i5义(T) ] - 1) / 4iko (2.3.20) 
=exp[i5义（T) ]sin5义（T) / 
where 5又（T) is the new, effective temperature—dependent 
phase shift [15]. 
However, anisotropic thermal vibrations will occur in 
the surface. Since in the surface, one side of the atoms 
is absent with respect to the .atoms of the topmost layer, 
each surface atom will experience a weaker potential 
perpendicular to the surface. Their vibration amplitudes 
perpendicular to the plane of surface will be, therefore, 
larger than their vibration amplitudes parallel to the 
surface. Thus the Debye-Waller factor should be given in 
a new form: 
M = [|/\]c"|2<(〜)2> + 叫 2>] , 6 (2.3.21) 
It is found that the surface <CArJ S is about two times 
greater than the bulk <(/i.r)S and the surface <(Ar")2> 
has values between them [13]• Nevertheless, the 
magnitudes of <(Ar")2> and < ( A r p a r e generally taken 
to be the same. This has little effect on the results. 
The Debye temperature will usually have smaller 
surface value than the bulk value because of an enhanced 
surface vibration amplitude. 
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DYNAMICAL LEED CALCULATION: THF 
RENORMALIZED FORWARD SCATTERING 
PERTURBATION METHOD 
The renormalized forward scattering (RFS) calculation 
scheme [15,16,19,20] is one of a handful of perturbation 
methods which can be used for solving LEED problems. It 
regards the forward scattering to be strong and should be 
treated as an unperturbed plane wave but the backward 
scattered wave is considered to be so weak that can be 
treated perturbatively. 
The wavefunction between the h^ ^ and the (h+l)^ layers 
can be expressed as a sum of forward and backward 
propagating waves, 
^ {a(h)g + exp[iKg+.r] + a^.exp[iKg..r] } (3.1) 
where K^^ = (Kgx土，Kg" K^,) (3.2) 
and Kg/ = ±[2(E-Vo) - (Kgy” _ (Kgz”,。 (3.3) 
Kgy = V % (3.4) 
Kgz = kz + gz (3.5) 
(here g^ and g^ are the components of the reciprocal 
lattice vector g of the surface with the x—axis being 
perpendicular to the plane of the surface, k^ and k^ are 
the y-component and z-component of the wave vector k in 
vacuum), r is the displacement of the wave from a point 
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half the distance between two layers, a(h)g+ and a(h)g- are 
the amplitudes of the forward and backward propagating 
waves respectively. The superscript positive sign 
indicates the direction in which the waves travel from 
the surface to the bulk while the superscript negative 
sign shows the opposite direction. 
The waves, which propagate from the space between the 
hth and the (h+1)出 layers to the space between the and 
the (j + l)th layers without being scattered, can be 
expressed as follows: 
g 
= 口 Pgg,+ (j-h)a_+exp[i:Kg+.r] (3.6) 
ggi 
where Pgg/(j-h) = exp [ iKg+• (j -h) c] is called the 
propagator and c is an interlayer spacing vector. 
If the waves propagate to n^ ^ layer via P+(n-h), 
forward scattered, and then propagate to the space 
between the and the (j + l)^ planes via P+(j_n), the 
propagator becomes 
2 + (3 7 ) 
h<n<j 
where M++ is the diffraction matrix describing the 
scattering process at the layer where an electron wave 
suffers a scattering event. 
If there are two intermediate layers m and n where the 
waves are scattered, the propagator will become 
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i) No scattering 
. “ — 
layer : h h+1 j j+1 
Propagator : P+(j-h) 
ii) One scattering event 
P 
I 
layer : h h+1 n j j+i 
Propagator : P+(j -n+^O M十+ P+(n-h-) 
iii) Two scattering events 
^ . M i l J ^ 
. P (n-m) ‘ 
j 
layer : h h+1 m n j j+i 
Propagator : !：,•<。_<] (j-n+。M++ P+(n-m) M++ P+(m-h-W 
Fig.3 The pictorial description of some unscattering and 
scattering events that may happen when an electron wave 
propagates from space between the h 出 and the (h+1)仍 
layers to space between the and the (j+1)出 layers. 
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2 + (n - in)M+ + P+ (m-h-^^) (3.8) 
h<in<n<j 
The above processes are shown diagrammatically in 
Figure 3. For the other possible scattering events that 
may happen between the two spaces, their propagators can 
be expressed in a similar way. If one takes all these 
possible forward scattering processes into account and 
sum exactly over them, a new propagator will be obtained: 
h<n<j 
+ S P+ (j 一 + (n-m)M+ + P+ (m-h-g) 
h<m<n<j 
= [ p + ⑴ ( I + M+ + )P+⑴]j-h (3.9) 
because P+(j-h) = [P^ (l) 
where 工 is the unit matrix representing unscattered plane 
waves. 
Similarly, for propagation out of the crystal, 
Prfs-(I) = P-⑴（I + M-)p-(^) 
or Prps"(1) = P-⑴（I + M'-)P'(h) (3.10) 
Consider a wave incident on a surface with amplitude 
〜+' without backward scattering (zeroth order backward 
scattering), transmitting and being scattered by the 
first layer to give 
己1 + (0) = T + +(l)ao+ ( 3 . 1 1 ) 
where 
T++(n) = tg,g++(l)exp[i(Kg+.Wn-l + K / . ^ c J ] , (3.12) 
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tg.g++(n) = 工 g,g + Mg.g++(n) is called the layer 
transmission matrix, and c^ is the interlayer* spacing 
vector between the n^*" and 七he (n+l)^ layers. 
For space between the j化 and the (j+1)出 layers, the 
plane wave amplitudes by applying the renormalized 
forward scattering perturbation method, are given by 
aj + (o) ,(^W)j-iT++(l)ao+ (3.13) 
Since the absorption of the energies of the waves take 
place inside the bulk, the waves attenuate exponentially 
until after, say, layer, their intensities can be 
neglected. After reflections from the (j^^+i)^^ layer, 
the wave amplitudes between the j^ ^^ ^^  and the (jmax+1)出 
layers are given by 
a. -(1) = p-M—P + a. /o 
jmax r 丄丄 r cijmax (3.14) 
Consequently, the first order backward travelling wave 
amplitudes will be 
aj-⑴=p-M-+P+aj + (o) + PRFs-aj + r ⑴ (3.15) 
The first additional term results from the first order 
backward scattering of the (j + 1)^^ layer. Thus a,⑴ can 
be determined and hence the first order emerging wave 
amplitudes a。—”： 
a 。 - ⑴ = ⑴ + (3.16) 
where 
T--(n) = tg,g--(n)exp[i(-Kg,-.Wn-1 - Kg-.kn)], (3.17) 
R-+(n) = rg,g-+(n)exp[i(-Kg.-.Wn-i + (3.18) 
where tg.g" and are the layer transmission matrix and 
2 & 
the layer reflection matrix respectively: 
tg.g—(n)=工 g.g + Mg.g--(n) (3.19) 
rg,g-+(n) = Mg,g-+(n) • (3.20) 
For calculating the second order backward emerging 
wave amplitudes 己。-^, the reflected waves of the first 
order backward travelling waves from each layer are taken 
as the first order forward travelling waves. it should 
be noted that there are two reflections between the first 
and the second order backward scattering events. Since 
there is no contributions of the incident wave to the 
first order forward travelling waves, we have 
a +(1) - n 
- • ( 3 . 2 1 ) 
The first order forward travelling wave amplitudes 
between the first and the second layers are given by 
A +0) _ /I N o -(1) 
- R (1)己1 ( 3 . 2 2 ) 
where 
= rg,g+-(n)exp[i(一 K g - . h + K / . ^ C J ] , ( 3 . 2 3 ) 
and 
r g • 广 ( n ) = � 广 ( n ) . (3.24) 
In the space between the and the (j + l)^ layers, the 
wave field is composed partly of the first order forward 
travelling waves resulting from the reflections of the 
first order backward travelling waves at the layer, 
and partly of the first order forward travelling waves 
from the space between the (j一1)出 and the j出 layers. 
aj +⑴=P+M—p-aj•-⑴ + PpFS + dj./⑴ (3.25) 
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Incident w a v e t t t t 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 
1st order ^ ^ ： > 「 」 r ' ^ t ^ ^ 
k 丨 — ^ 厂 - - . 
2nd order ^ ^ r f ^ ^ I ^ ^ … -
3rd order ^ ^！ ^： ^丨 
^ ^ ^ t 
Fig. 4. The schematic diagram shows the mechanism of RTS 
method. Vertical lines represent layers. Each triplet of 
arrows represent a set of waves that travel from layer to 
layer. They may be either transmitted (t) or reflected 
(r). 
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Again, damping limits the penetration depth. 
a . - ⑵ = p - M — P + a + ⑴ o 。 jmax m ^ ^max (3.26) 
as a result, 
aj-(2) = p-M-+P+aj + (2) + PRFs-aj + i-⑵ (3.27) 
until 
A -(2) 一 m- / T N - -(2) 
a。 - T (l)a^ (3.28) 
These procedures are repeated to obtain higher orders 
of emerging waves until the reflected wave amplitudes are 
convergent. Figure 4 .shows these procedures 
schematically. The resultant backward scattered wave 
amplitudes can be obtained by summing over all of them. 
However, the wave amplitude diverges when the atoms 
are strong scatterers which often give rise to strong 
reflections. This effect is enhanced when the incident 
electron energy is smaller than lOeV, where the electron 
mean free path is long. In addition, RFS may not be 
practical for calculations involving lattice interlayer 
separation smaller than about l.oA because many 
evanescent or damped waves are required for the 
description of the wave field. Under all these 
conditions, exact method such as matrix inversion or 
other perturbation scheme such as layer doubling [21] is 
preferred. 
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IV- THE ZANAZZI-JONA RELIABILITY FACTOR 
visual judgement is sometimes used as a method for 
comparison between the calculated and the experimental 
工（ E ) curves. Although the eye is generally very 
sensitive to the features of the curves, the evaluation 
t 
is subjective and non—quantitative• Moreover when a 
large number of curves are to be compared, the task seems 
unwieldy. Therefore an objedtive method of comparison, 
or reliability factor , is preferred, which should yield 
a number as an indication of the degree of match between 
two sets of curves. Here, a commonly used reliability 
factor proposed by Zanazzi and Jona [22] is introduced. 
This reliability factor emphasizes the importance of 
the peak positions and relative intensities of the peaks. 
For an individual beam, the r-factor is defined as: 
、E 
r = A 'W(E) |clca|i - I。bs' IdE / (E^ 一 E,) (4.1) 
JEj 
where E； and E^ are the initial and final energies of the 
spectrum respectively. 工。^  丨， a n d 工^匕 ,^ are the first 
derivative of the calculated and the observed spectra 
respectively. c is a scaling constant which allows the 
use of an arbitrary scale of intensity in the observed 
curve and is defined as: 
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、E 「E 
C 二 f 工 obs^E / f 工 caicdl： (4.2) 
jEi jEj 
W(E) is a weighting function which is very sensitive to 
the relative positions of the maximum, the minimum and 
the inflexion points between the observed and the 
calculated curves and is given by 
W ( E ) = I c l c a i . ' - 工 o b s " l / ( I l o b s ' I + I l o b s ' L a x ) 
(4.3) 
Where 工。3丨 ’ ' a n d lobs" are the second derivatives of the 
calculated and observed curves. The I I^bs 丨 I max is added 
to avoid W(E) becoming infinity at the extreme points 
(lobs' 二 0). Note that W(E) is independent of the 
absolute intensities of both the observed and the 
calculated curves. A is a factor which is added to make 
the r-factor independent of the actual intensities of 
the observed curve. A is defined as follows: 
「Ef 
A = (Ef - Ej) / I。bsdE (4.4) 
Je丨 
The total r-factor or the average reduced r—facto2r for 
a set of beams is given by 
^r = / [SAE,] (4 .5 ) 
k k 
where (E^-E,) ^  for beam k, and r^ is the reduced r-
factor defined as: 
r^ = r / 0.027 (4 . 6) 
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The number 0.027 represents the mean value of r for 
random matching of two curves. For a good agreement 
between the observed and the calculated curves, r^ should 
be less than about 0.20 and a value greater than about 
0.50 indicates poor agreement. 
Since the result will be more reliable if a large 
number of beams are used in comparison than if a small 
number of beams are used, an overall reliability factor 
R is proposed to incorparate the advantage of using a 
larger data set: 
R = [3/(2n) + 2/3 (4.7) 
where n is the number of beams. 
Now R becomes smaller as n increases, and the number 2/3 
is introduced to prevent R from reducing indefinitely 
when n tends to be very large. The reliability of the 
proposed structure is high if R is smaller than 0.20 
while a value greater 七 han 0.50 indicates that the 
structure is mostly unlikely. 
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V_ CALCULATIONS AND RESULTS 
5.1. EXPERIMENTAL [(E) CURVES 
The experiment 工（E) curves presented in this work were 
supplied by the Surface Science Group at the University 
of British Columbia., Canada. The following briefly 
describes how these curves were obtained. 
A Rh(lOO) surface oriented to within 0.5° was obtained 
by conventional Laue diffractometry and spark erosion 
followed by diamond—paste polishing. The surface was 
cleaned in-situ (that is, inside the ultra-high vacuum 
chamber) , by Ar"^ bombardment until impurities such as 
sulphur and carbon were below 0.1% monolayer as indicated 
by Auger electron spectroscopy [14]. After obtaining a 
sharp (ixl) LEED pattern (Fig. 5(a)), this surface was 
exposed at room temperature to high purity K^S (Matheson) 
at around 10'® Torr. Reasonable quality c(2x2) LEED 
patterns (Fig. 5(b)) were observed after an exposure of 
2 0 Langmuirs (IL = 10"® Torr-s) of K^S and the surface was 
annealed for a few minutes at 200°C. 
工（ E ) curves for diffracted beams from the c(2x2) 
surface structure were measured with a high sensitivity 
camera and a video LEED analyzer [23] which digitized a 
video frame to 256 x 256 picture elements (or pixels), 
each of which had a grey level of 64. Each spot in a 
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• • • . . 
• .(-1,1) . . (1,1) • 
• • . (0,0) . (1,0) .(2,0) 
• • • • . . 
• . (-1,-2) • . • • 
Fig. 5(a). The LEED pattern of a clean rhodium surface 
with some beam labels . 
• • • . . 
• • . (0.5,1.5) • 
• . (-1 J) • . (1,1) • 
• • . (0.5,0.5) . 
• • .(0,0) . (1,0) . (2,0) 
• • • . 
• • • . . 
• • • . (1.5,-1.5) 
• . (-1,-2) • . . 
Fig. 5(b). The LEED pattern of a rhodium surface 
chemisorbed with sulphur with some beam labels. 
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frame was represented by a 10 pixel x 10 pixel square 
window, and the intensity of spot was the integrated 
intensity of the 100 pixels within the window. 
Normal incidence was initially adjusted by 
manipulating the sample holder until symmetrically 
equivalent beams emerged and disappeared synchronously as 
the incident energy was varied. This setting was later 
fine-tuned on-line by displaying 工（E) curves of this 
beams on an oscilloscope. 
With the normal incidence direction set, integrated 
beam intensities were measured as the incident electron 
energies varied from 50eV to 250eV with a constant 
increment of 2eV. Each spot on each frame was scanned 4 
times, and the multiply—suimned integrated intensities 
were normalized to the incident beam current. The 
symmetrically equivalent beams were averaged with equal 
weightings to minimize some further experimental 
uncertainties, including crystallographic plane 
orientation and angle of incidence. The averaged 
intensity curves were finally smoothed with 2 cubic 
spline operations. These procedures gave measured 
normal-incidence 工（E) curves for the beams (1, o ) , 
(1, 1), (2' 0), (0.5, 0.5) and (0.5, 1.5) . The beam 
labels have been shown in Figure 5. 
The beam labels are defined by setting the distance 
between two nearest light spots obtaining from the clean 
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surface to be one unit length. Two Cartesian coordinates 
axes are drawn through the (0,0) beam at the centre of 
the LEED pattern for normal incidence with the horizontal 
axis being parallel to the ground. The spots or beams 
are labelled by their coordinates according to their 
positions in the Cartesian frame. 
5.2. CALCULATED 1(E) CURVES 
Three relatively simple and highly symmetric 
adsorption sites for the c(2x2)-S structure on Rh(lOO) 
were tested. They included the four-fold symmetric top 
site, two-fold symmetric bridge site and four-fold 
symmetric hollow site models (see Fig. 6)• Theoretically, 
highly symmetric sites are often more favourable than any 
other possible structural models. But perhaps more 
importantly, the existence of symmetries allows one to 
greatly reduce the number of input beams, n by using 
symmetrized beams. Under such schemes only one out of a 
group of symmetrically equivalent beams needs to be 
considered. The advantage of symmetry can be appreciated 
when the calculations are performed on a modest computer 
because the computational time and the memory requirement 
increase as n • The renormalized forward scattering 
perturbation scheme was employed for the calculation of 
the theoretical 工（E) curves. The incident electron 




Fig. 6. The top views of the three testing models: a) the 
top site model, b) the bridge site model, c) the hollow 
sitemodel. Solid circles : sulphur atoms, open circles: 
rhodium atoms. 
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The computations were performed on the mainframe computer 
(IBiy[3380) at the Chinese University of Hong Kong. The 
main programme used for calculating theoretical 工（E) 
curves was assembled by modifying some sample programmes 
in Van Hove‘s tape. The subroutine source programmes 
were debugged and compiled on 工BM3 380. A test run was 
performed for Zr(OOQl)-p(2x1)-〇，and the results were 
f o u n d t o a g r e e w i t h t h o s e o b t a i n e d b y t h e U n i v e r s i t y o f 
British Columbia group. The atomic scattering process 
was described by a set of phase shifts which was obtained 
from Van Hove‘s tape. In particular, sulphur phase 
shifts weire those used, in the sulphuir oveirlayeir on nickel 
calculation and rhodium phase shifts were those used in 
the Rh(lll)-(2x2)-C calculation. The imaginary part of 
the inner potential was fixed at -S.OeV (taking the mean 
value of 1.51E^/^eV) [12] . The real part of the inner 
potential was initially set at -12.OeV [12], but was 
varied later in the comparison of the experimental and 
the theoretical 工（E) curves. The Debye temperature of 
rhodium was taken as 406K [12], while that for sulphur 
was varied from 236K [12] to 2400K to obtain optimum 
match between the experimental and the calculated 工（E) 
curves. The substrate interlayer spacing was fixed at 
t h e v a l u e o f 1 . 9 0 2 A [ 1 2 ] . 
The spacing from the sulphur overlayer to the first 
r h o d i u m l a y e r , dp^^g, w a s v a r i e d in s t e p s o f 0 . l A f o r t h e 
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top site and the bridge site models while 0 . 0 5 A for the 
hollow site model. In view of the early reports [24, 
25] that the spacing between first and second rhodium 
layers, dph.Rh, relaxed by 3%, dph.Rh was also varied for all 
the three models. 
Although only five inequivalent beams were 
investigated, many mo.re inequivalent beams were required 
in the LEED calculation input for intensity convergence. 
The reason is that apart from the emerging plane waves, 
some additional evanescent or damped waves whose 
amplitudes attenuate less than a fraction of t (user-
defined) from one layer to the next layer should be 
included for an accurate LEED calculation. The radius k 
b 
of the "beam circle" occurring in the t w o - d i m e n s i o n a l 
reciprocal space and the number n^ ^ of beams that required 
in the calculation can be estimated by 
kb « {2(E - V J + [ l o g ( t ) / d j 2 , (5.2.1) 
n, « A(2(E - Vor) + [log(t)/d_]2} / (47r) (5.2.2) 
where d^j^ is the smallest interlayer separation of the 
crystal and A is the area of the surface unit cell. The 
LEED programmes will automatically choose the necessary 
beams according to the input value of t [15]. 
The calculated and the experimental 工（ E ) curves were 
compared both visually and by the Zanazzi-Jona R-factor. 
After deciding the best d _ and the Debye temperature of 
sulphur, DT(S), by obtaining a minimum R value, 
3 9 
the r^-factor was plotted as functions of and dp^ g^ only 
in a contour map for the refinement of these two 
parameters. 
5.2.1. Top Site 
A maximum of 17 symmetrized beams were chosen by the 
computer programme • during the calculations. The 
overlayer-substrate interlayer spacing was varied in the 
range of 2.25A-2.65A in steps of 0. l A . The Debye 
temperature of sulphur was varied from 236K up to 2400K. 
It was observed that in general calculated 工（E) curves 
had narrower peak widths and the peak intensities 
increased as the Debye temperature of sulphur was 
increased. It was found that the R values decreased as 
the Debye temperature of sulphur was increased (Table 
1) • The Debye temperature of sulphur was eventually 
fixed at 2400K although it was tempting to use higher 
values, which however would be physically too 
unreasonable. The real part of the inner potential was 
varied from -6.OeV to -24.0eV (Table 2) for better 
matching of the experimental and observed I(E) curves. 
Finally, the first substrate interlayer spacing were 
varied from a contraction of 7.5% to an expansion of 2.5% 
(-7.5% to +2.5%) of the bulk value (Table 3) • The lowest 
R-factor value of 0.213 was obtained when the topmost 
interlayer spacing and the first substrate interlayer 
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s p a c i n g w e r e 2.25k a n d 1 . 8 5 A ( c o n t r a c t e d b y 2 . 5 % o f t h e 
bulk value) respectively, with •。「 and the Debye 
temperature of sulphur being equal to -16.OeV and 
2400K respectively. The comparison between the 
experimental 工（E) curves and the theoretical 工（E) curves 
obtained from the calculations by using the above 
parameters were shown in Appendix 工 （ F i g . 7 to Fig. 11) • 
There was no local minimum seen in the contour map of 
factor (Fig. 12) • This indie弓ted that the top site model 
might not be the true structure because for a highly 
reliable model, a local minimum should be seen in the 
contour map. 
5.2.2, Bridcre Site 
A maximum of 28 symmetrized beams were chosen by the 
computer programme during the calculations. The 
simulation procedure for the bridge site model was 
similar to that for the top site model except that the 
topmost interlayer spacing was varied in the range 1.9 0A-
2.30A in steps of O.lA, the inner potential was varied 
from -8. OeV to -28. OeV (Table 5) and the first 
substrate interlayer spacing was changed from a 
contraction of -10% to an expansion of 2.5% (-10% to 
+2.5%) of the bulk value (Table 6) . The lowest R-factor 
value of 0.188 was obtained when the topmost interlayer 
spacing and the first substrate interlayer spacing were 
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e q u a l t o 1 . 9 0 A a n d 1 . 7 6 A ( c o n t r a c t e d b y 7 . 5 % o f t h e b u l k 
value) respectively, with and the Debye temperature 
of sulphur having the values of -24.OeV and 2400K 
respectively. The comparison between the experimental 
and the theoretical 工（E) curves obtained from the 
calculations by using the above parameters were shown in 
Appendix 工 （ F i g . 13 to Fig. 17)• Again, the contour map 
of ？「 f a c t o r (Fig. 18) showed no local minimum. 
( 
5.2.3. Hollow Site 
A maximum of 19 symmetrized beams were chosen by the 
computer programme during the calculations. The 
simulation procedure was similar to that for the top site 
model except that the topmost interlayer spacing was 
changed in the range of 1 . 2 0 A - 1 . 6 0 A in steps of 0 • lA 
during the variation of the Debye temperature of sulphur 
(Table 7) and in the range of 1 . 2 0 A to 1 . 4 0 A in steps of 
0 . 0 5 A d u r i n g t h e v a r i a t i o n o f o t h e r p a r a m e t e r s , t h e i n n e r 
potential was varied from -6.OeV to -16.OeV (Table 8), 
the first substrate interlayer spacing was changed from 
a contraction of 2.5% to an expansion of 10% (-2.5% to 
+ 10%) of the bulk value (Table 9) • The comparison 
between the experimental and the theoretical I(E) curves 
obtained from the calculations by using the above 
parameters were shown in Appendix 工 （ F i g . l 9 to Fig. 23). 
The lowest R-factor value of 0.168 was obtained when the 
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topmost interlayer spacing and the first substrate 
interlayer spacing were found to be 1 . 2 5 A and 2 . 0 9 k 
(expanded by 7.5% of the bulk value) respectively, with 
•or and the surface Debye temperature of sulphur being 
equal to -6.OeV and 2400K respectively. The contour map 
of r -factor (Fig. 24) showed a local minimum at d … = 
Rn-S 
1 . 2 4 A a n d = - 6 . 9 e V . 
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VI- DISCUSSIONS AND CONCLUSIONS 
The results in section V suggest that, among the three 
models tested, sulphur most likely adsorbs in the four-
fold hollow site in the surface designated as 
• • 
Rh(lOO)-c(2x2)~S. This adsorption site yields the best 
visual match between calculated and experimented 工（E) 
/ 
curves, which is also supported by the smallest R-factor 
and a local minimum in the contour plot. 
Sulphur has been also reported to occupy the four-fold 
hollow site when it adsorbs in a c (2x2) structure on the 
(100) plane of other metals such as Pd [26], Ni [27], Mo 
[5] and Fe [28]. The same result was obtained in this 
work. The results in this work show that the sulphur 
a t o m i s a d s o r b e d a t a d i s t a n c e o f 1 . 2 4 A f r o m t h e t o p m o s t 
rhodium layer (Fig. 25) • This corresponds to a Rh-S bond 
length of 2.21k which is only slightly shorter than the 
bulk value of 2.365人 for the compound RhpSg [29 ] . If the 
atoms are assumed to be hard spheres, the sulphur radius 
w i l l b e 0 . 9 3 A w h i c h is q u i t e c l o s e t o t h e n o r m a l s i n g l e -
b o n d c o v a l e n t r a d i u s o f 1 . 0 4 A f o r s u l p h u r [ 1 2 ] , a n d i t 
also corresponds to the reported sulphur radius of 0 . 9 6 A 
for the surface structure Rh(lOO)-p(2x2)-S in which the 
sulphur atom is also adsorbed in the hollow site [12]. 
This value of sulphur radius is also comparable to the 
o t h e r v a l u e s r e p o r t e d : 0 . 9 8 A o n Pd(100) [ 2 6 ] , 0 . 9 4 A o n 
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Rh ) ( Rh ) f 
1.9 “ 
( R h ) R h , 
v V ^ ^ 
r , = 0 , 9 3 A 
r R h = 1 . 3 4 5 A 
Fig. 25. The cross—sectional view of the four-fold 




Ni(100) [ 2 7 ] , 1.06A on Fe(lOO) [ 2 8 ] , and 1 . 0 9 A on Mo(lOO) 
[5]. 
The surface Rh-S bond may be covalent in nature 
because the surface sulphur radius is close to the normal 
single-bond covalent radius of sulphur. Moreover, the 
adsorbed surface is proved to be well-ordered by the LEED 
pattern which is a general phenomenon for a chemisorbed 
surface. For these reasons, it may be concluded that the 
sulphur atoms are chemically adsorbed on the rhodium 
surface by forming covalent bonds with the metal atoms. 
Since the surface Rh-S bond length is shorter than the 
bulk value, the strength of surface Rh-S bond is greater 
than that of the bulk Rh-S bond, which also partly 
explains the unexpectedly high Debye temperature of 
sulphur. Due to the strong surface metal-sulphur bonds, 
regeneration of sulphur-poisoned rhodium surface under 
reducing conditions may be impractical but the use of 
oxidative conditions may be a promising approach [2]. 
From the reports on the study of clean Rh(lOO) 
surface, it is known that the topmost interlayer spacing 
of the metal has an expansion of about 3.0% of the bulk 
value and there is no evidence of reconstruction of the 
metal surface [24, 25] . The results of this research 
show that the sulphur atoms adsorbed in the hollow site 
cause a further expansion of the topmost substrate 
interlayer to 7.5% relative to the bulk value. The 
4 6 
reason may be due to the fact that the electronegativity 
of sulphur is larger than that of rhodium. This means 
that the sulphur atoms may draw electrons from the atoms 
of the first two layers of rhodium towards themselves. 
This results that sulphur atoms are slightly negatively 
charged while the rhodium atoms of the first two layers 
are slightly positively charged. The attraction between 
the sulphur overlayer and the first rhodium substrate 
layer, and the repulsion between the first two layers of 
rhodium cause an expansion of the first substrate 
interlayer spacing. Although no investigations of 
lateral metal surface reconstruction (for example, the 
displacement of the topmost substrate layer from their 
normal positions), such phenomena may account for the 
less than ideal matching of the calculated and the 
experimental 工（ E ) curves. Another possibility involves 
mixed adsorption sites for sulphur. In principle, one 
may add up the corresponding 工（ E ) curves for each model 
with some arbitrary weightings, and compare these 
"averaged"工（E) curves with the experimental 工（ E ) curves 
to determine the population of each kind of sites. This 
procedure has not been attempted because it is felt that 
with no other chemical information to suggest the 
relative weighting for each site, the results may be too 
artificial. Nonetheless, the mixed adsorption sites 
model may be confirmed by thermal desorption spectroscopy 
47、 
[17], in which sulphur in the least stable site desorbs 
first, and the most stable site last, and so on. The 
desorption intensity of each site may be used as a guide 
to the weighting discussed earlier. 
The adsorption of sulphur atom on the rhodium surface 
also shifts the inner potential to -6. 9eV from a value of 
-11.OeV for the clean surface [24]. 
The Debye temperature of sulphur at 2400K seems 
somewhat physically unreasonable. However, it only 
affects the relative intensities of the peaks but not 
their peaks in the 工（E) curves. It can be observed that 
from the tables that if the literature Debye temperature 
of 236K was used, the R-factor value for the hollow site 
is still much less than the other sites although its 
absolute value is higher. Therefore, the conclusion that 
the hollow site is the most probable surface structure 
among the three models still hold. 
•or is approximately equal to the negative value of the 
sum of the conduction band-width and the work function of 
the surface [16]. When a dipole layer is formed in the 
surface due to the adsorption of the sulphur atoms on the 
rhodium surface, the work function and the conduction 
band-width will be changed and so will be Vor. As a 
result, the variation of dp^g which alters the magnitude 
of the surface dipole moment created by the adsorbate and 
the substrate layers will change •。「. On the other hand, 
48、 
the variation of dp^ ^^ ^ has only small effect on the work 
function and the conduction band-width. Therefore V and 
or 
dpih-Rh are much less interdependent than and . Due 
to the above reasons, the results obtained by only 
plotting the contour maps of r^-factor for the refinement 
of Vor and dph-s are believed to be accurate enough 
although better refinement of the results may be obtained 
if a three-dimensional contour map of f^ as a function of 
•or' ^Rh-Rh 肌 d ^Rh-s ^ ^ plotted for each m o d e l . 
The phase shifts of sulphur used in this work were 
adopted from those used in the calculations for sulphur 
overlayer on nickel and the phase shifts of rhodium were 
adopted from those used in the calculations for 
Rh(lll)-(2x2)-C. Since the phase shifts for an atom are 
obtained by calculations based on the muffin-tin model 
[16], the effect on the characteristics of the atom by 
the other surrounding atoms is assumed to be small. 
Therefore same phase shifts for the atom can be used for 
calculations in different chemical environment provided 
that the variation of the chemical environment is not 
too drastic. For example, same nickel phase shifts are 
u s e d i n t h e c a l c u l a t i o n s f o r b o t h N i (100) — p (2x2) —〇 a n d 
Ni(lll)-p(2xl)-H [15] and same hydrogen phase shifts are 
used in the calculations for both Ni(100)-p(2x1)-H and 
W(IOO)-c(2x2)-H [15]. Therefore the transferability of 
rhodium and sulphur phase shifts should be very high. 
49、 
Better agreement between calculated and experimented 工（E) 
curves may be obtained if the phase shifts of sulphur and 
rhodium are calculated self-consistently for each model 
by assuming an approximate Rh-S lattice that best 
resembles the adsorption site under investigation. This 
aspect should be considered in further refinements of the 
present work. 
Since only three simple surface structure models have 
been tried, it does not rule out the possibility that 
other relatively more complex structural model may give 
better agreement between the theoretical and the observed 
工（ E ) curves. Therefore, further investigation may be 





dph-S DT(S) (K) 
(A) p 
236 800 1600 2400 
2.25 0.785 0.319 0.240 0.228 
2.35 0.614 0.328 0.247 0.233 
2 .45 0.648 0.396 0.306 0.291 
2.55 0.677 0.419 0.339 0.326 
2.65 0.897 0.384 0.308 0.294 
dph-s : the distance between the overlayer and the first 
substrate layer 
Table 1. The R-values for different topmost 
interlayer spacings with varying sulphur Debye 
temperatures for the top site model. 
52、 
dRh-s Vor (ev) 
(A) . 
- 6 . 0 一 1 2 . 0 - 1 6 . 0 一 2 0 . 0 - 2 4 . 0 
2.25 0.319 0.228 0.227 0.235 0.243 
2.35 0.261 0.233 0.282 0.266 0.267 
2.45 0.228 0.291 0.298 0.265 0.268 
2 .55 0.273 0.329 0.298 0.261 0.253 
2.65 0.350 0.294 0.252 0.257 0.254 
— I J 
Table 2. Caption same as Table 1. except for the inner 
potentials. D-p(S) = 2400K. 
53、 
(A) 
-7.5 -5.0 -2.5 0.0 +2.5 
2.25 0.242 0.224 0.213 0.227 0.241 
2.35 0.258 0.244 0.251 0.282 0.284 
2.45 0.273 0.280 0.291 0.298 0.276 
2.55 0.354 0.341 0.312 0.289 0.254 
2.65 0.339 0.304 0.267 0.252 0.234 
%AdRh-Rh : The percentage change of the first substrate 
interlayer spacing 
Table 3. Caption same as Table 1. except for the first 
substrate interlayer spacings. D丁（S) = 2400K, = -16.OeV. 
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R^h-S D丁 (S) (K) 
(A) 
236 800 1600 2400 
1.90 0.602 0.341 0.261 0.247 
2.00 1.300 0.349 0.260 0.246 
2.10 0.778 0.385 0.284 0.268 
2.20 1.303 0.388 0.290 0.274 
2.30 0.902 0.351 0.259 0.244 
I J I 





- 8 . 0 一 1 2 . 0 - 1 6 . 0 - 2 0 . 0 - 2 4 . 0 一 2 8 . 0 
1.90 0.284 0.247 0.227 0.228 0.242 0.243 
2.00 0.260 0.246 0.243 0.247 0.240 0.220 
2.10 0.262 0.268 0.267 0.258 0.214 0.211 
2.20 0.292 0.274 0.245 0.232 0.210 0.220 
2.30 0.271 0.244 0.236 0.234 0.249 0.253 
Table 5. Caption same as Table 2. except for the bridge site 
model. DT(S) = 2400K. 
56、 
dRh-S 咖 Rh-Rh ⑶ 
(A) 
-10.0 -7.5 -5.0 -2.5 0.0 +2.5 
1.90 0. 193 0.188 0.195 0.216 0.242 0.262 
2.00 0.193 0.199 0.222 0.235 0.240 0.238 
2.10 0.216 0.224 0.226 0.221 0.214 0.229 
2.20 0.199 0.196 0.192 0.197 0.210 0.229 
2.30 0.204 0.204 0.211 0.226 0.249 0.272 
tl I [ I [ 
Table 6. Caption same as Table 3. except for the bridge site 
model. D-p(S) = 2400K, = -24.OeV. 
57、 
dRh-S Dt(S) (K) 
(A) r 
2 3 6 8 0 0 1 6 0 0 2 4 0 0 
1.20 0.483 0.309 0.241 0.230 
1.30 0.442 0.312 0.240 0.228 
1.40 0.534 0.422 0.342 0.327 
1.50 0.641 0.518 0.427 0.411 
1.60 0.736 0.454 0.368 0.353 
J 
Table 7. Caption same as Table 1. except for the hollow site 
model. 
58、 
• - , 
R^h-S Vor (ev) 
(A) . 
一 4 . 0 -6.0 -8.0 -10.0 -16.0 
1.20 0.346 0.310 0.283 0.249 0.239 
1.25 0.306 0.255 0.234 0.218 0.235 
1.30 0.257 0.211 0.192 0.200 0.264 
1.35 0.210 0.187 0.195 0.232 0.301 
1.40 0.206 0.209 0.246 0.295 0.332 
Table 8. Caption same as Table 2. except for the hollow site 
model. DT(S) = 2400K. 
59、 
(A) 
一 2 . 5 0.0 +2.5 +5.0 +7.5 +10.0 
1.20 0.324 0.310 0.265 0.221 0.189 0.183 
1.25 0.283 0.255 0.206 0.176 0.168 0.241 
1.30 0.244 0.211 0.181 0.170 0.189 0.241 
1.35 0.215 0.187 0.184 0.206 0.248 0.306 
1.40 0.206 0.209 0.232 0.274 0.321 0.370 
Table 9. Caption same as Table 3. except for the hollow site 
model. D 丁（S) = 2400K, •。「= -6. OeV. 
60、 
B E A M ( 1 . 〇 ， 〇 . 〇 ） 
CALC 
/ \ d 似 ( A ) 
100 200 
ENERGY (eV) 
Fig, 7. Comparison between experimental and calculated 
工(E) curves of beam (1.0, 0.0) for the top site model 
with D 丁（S) = 2400K, V。( 二 一 and = -2,5%. 
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Fig. 8. Caption same as Fig. 7. except for beam 
(1.0, 1.0). 
62、 
BEAM ( 2 . 0 , 0 . 0) 
CALC 
/ \ d 拟 ( A ) 
/ \ 2 . 6 5 
, / \ 2 . 5 5 
I 
LU / A r \ 2 . 2 5 
旨 J w ^ ^ 
/ \ EXPT 
100 200 
ENERGY (eV) 
Fig. 9. Caption same as Fig. 7. except for beam 
(2.0, 0.0). 
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Fig. 10. Caption same as Fig. 7. except for beam 
(0.5, 0.5). 
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屋寸 11 11 n ‘ 
i - U l / / / u, 
-20 U / / / / 、。乂 
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” H . 6 
TOPMOST 工NTERL^AYER SPACING (A) 
Fig. 12. A contour map of ？ ; — f a c t o r for the top site 
model. 
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B E A M 〔 1 . 〇 ， 〇 . 〇 ） 
1 八 CALC 
/ \ (A) 
CD / V 2 . 1 0 
！ 00 
- W V 
1 0 0 ' 2 0 0 . 
ENERGY (eV) ‘ 
Fig. 13. Caption same as Fig. 7. except for the bridge 
site model with •。「= -24. OeV and = -7.5% 
67、 
B E A M ( 1 . 0 . 1 . 0 ) 
^ CALC 
L a z x A ^ - -
100 200 
ENERGY (eV) 
Fig. 14. caption same as Fig. 1 3 . except for beam 
(1.0, 1.0)• 
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Fig. 15. Caption same as Fig. 13. except for beam 
(2.0, 0.0). 
69、 
b e a m ( 〇 . 5 , 0 . 5 ) 
^ CALC 
\ 2.30 
^ \ 2.00 
i 
… V \ 1 - 3。 
\ EXPT 
50 100 150 
ENERGY (eV) 
Fig. 16. Caption same as Fig. 13. except for beam 
(0.5, 0.5). 
7 0 
BEAM ( 0 . 5 . 1 . 5 ) 
八 CALC 
S • 2 . 2 0 
1〇〇 2 0 0 
ENERGY (EV) 
Fig. 17. caption same as Fig. 1 3 . except for beam 
(0.5, 1.5). 
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Fig. 18. A contour map of F^-factor for tiie bridge site 
model. 、 
72、 
b e a m ( 1 •〇，〇 .〇） 
’ A CALC 
/ \ d 秘 ( A ) 
输 I : : 
I Q O 2 0 0 
ENERGY (eV) 
Fig. 19. caption sa.e as Fig. 7. except for the hollow 
site model with 二 -6 .OeV and % c^Rh = +7.5%. 
73、 
BEAM ( i .〇，1 . 0 ) 
’\ / \ (人） 
100 200 
ENEHGY (eV) 
Fig. 20. caption same as Fig. 1 9 . except for beam 
(1.0, 1.0). 
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Fig. 21. Caption same as Fig. 19. except for beam 
(2.0, 0.0). 
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Fig. 22. caption same as Fig. 19. except for beam 
(0.5, 0.5). 
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Fig. 23. Caption same as Fig. 19. except for beam 
(0.5, 1.5). 
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COMPLEX V L ( 4 , 2 ) , F L M S ( 4 J 2 0 ) , F L M ( 1 2 0 ) 
C 4(1ST DIMENSI0N)=NL=NL1*NL2, 4(2ND DIMENSION)=IDEG 
DIMENSION V(4,2),JJS(4,4) 




C 20 MUST BE .GE. NPUN 
DIMENSION NPU(20),NPUC(20) ‘ 
C 12=NPSI, 16=NEL*(LMAX+1) 
DIMENSION ES(12),PHSS(12,16) 
C 7680=NLM FROM DATA STATEMENT, 225=NN, 15=N (FOR CELMG) 
DIMENSION NLMS(7),CLM(7680),YLM(225),FAC2(225) 
I F A C K I S ) 










C**36=LEV, 28=L0D, ** 64=LMMAX ** 
COMPLEX AMULT(60),CYLM(60,64),XEV(36,36),XOD(28,28),YLME(36),YLMO(28) 
DIMENSION IPLE(36),IPLO(28),AT(60) 




COMMON /SL/ARA1, ARA2, ARB1, ARB2, RBR1, RBR2, NL1,NL2 
COMMON /MS/LMAX,EPS,LITER,SOI,S02,S03,SSI,SS2,SS3,SS4 




C COMMON /MPT/NA,NS,ID,LAY,L1,NTAU, 
1TSTS,TV1,DCUT,EPSN,NPERT,N0PT, 
C 1NEW,LPS,LPSS,INV,NINV,TSF 
C NCA IS DIMENSION OF CAA AS FUNCTION OF LMAX 
C DATA NCA(1),NCA(2),NCA(3),NCA(4), 
C 1NCA(5),NCA(6),NCA(7)/ 
C 21,70,264,759,1820,3836,7344/ 





240 FORMAT(8HOIDEG = ,1I3,7H NLI = ,113,7H NL2 = 113) 
370 F0RMAT(9H1ENERGY =,F7.4,7H H OR ,1F7.2,3H EV) 
380 FORMATCSH VPIS = ,F9.4,8H VPIO = ,F9.4,9H DCUTS = ,F9.4,9H DCUTO = 
1 ,F9.4) 
390 FORMAT(8HOTEMP = ,F9.4) 
410 FORMATCIOH MSMF OK) 
415 F O R M A T d O H MPERTI 0<) 
416 FORMATCIOH MTINV OK) 
420 FORMATCIOH SUBREF OK) 
430 FORMAT(20H0SURFACE GEOMETRY : ,3F7.4) 










C EMACH IS MACHINE ACCURACY (USED BY ZGE AND ZSU) 
EMACH=1.OE-6 
C IDEG: EACH LAYER HAS AN IDEG-FOLD SYMMETRY AXIS 
C NL1, NL2: SUPERLATTICE CHARACTERIZATION NLI NL2 
C P(1*1) 1 1 
C C(2*2) 2 1 
C P(2*1) 2 1 
C P(1*2) 1 2 




C KNBS= NO.OF BEAM SETS TO BE READ IN (.LE.NL) 
C KNT= TOTAL N O. OF BEAMS TO BE READ IN 
C NPUN= N O . OF BEAMS FOR WHICH INTENSITIES ARE TO BE PUNCHED OUT 
READ(5,200)KNBS,KNT,NPUN 
C NPSI= NO.OF ENERGIES AT WHICH PHASE SHIFTS WILL BE READ IN 
READ(5,200)NPSI 
C READ IN GEOMETRY, PHYSICAL PARAMETERS, CONVERGENCE CRITERIA 
CALL READIN(TVA,RAR1,RAR2,ASA,TVB,ASB,STEP,NSTEP,IDEG,NL V VL 









C CLM= CLEBSCH-GORDON COEFFICIENTS FOR MATRICES X AND TAU 
CALL CELMG(CLM,NLM,YLM,FAC2,NN,FAC1,N,LMAX) 
C LX,LXI,LT,LXM: PERMUTATIONS OF (L,M)-SEQUENCE 
CALL LXGENT(LX,LXI,LT,LXM,LMAX,LMMAX) 




C PPP= CLEBSCH-GORDON COEFFICIENTS FOR COMPUTATION OF TEMPERATURE-
C DEPENDENT PHASE SHIFTS (SKIPPED IF NOT NEEDED) 




C READ ENERGY RANGE AND STEP; IF EF AND DE ARE BLANK, PROGRAM COMPUTES 
C FOR ENERGY E I. PROGRAM ALWAYS RETURNS TO THIS LINE TO READ A NEW 





680 READ (5,161) EI, EF, DE 
WRITE(6,161)EI,EF,DE 




E = EI 
EC = E 
E3 = E 
81、 
C SET UP CODING VECTORS FOR DIFFERENT STACKING SEQUENCES. 
C 






C START LOOP OVER ENERGIES IN GIVEN ENERGY RANGE 
700 EEV=(E-VV)*27.18 
WRITE (6,370) E,EEV 






C SELECT BEAMS APPROPRIATE FOR CURRENT ENERGY 
CALL BEAMSCKNBS,KNB•SPQ,SPQF,KSYM,<NT,NPU,NPUN,AK2,AK3,E,TST, 
1NB,PQ,PQF,SYM,NPUC,MPU,NT,NP) 
C SET OPTICAL POTENTIAL (IMAGINARY PART OF MUFFIN-TIN CONSTANT, 




DCUTO = SQRT(2.0 * E) 
C SET LIMITING RADII ON LATTICE SUMS, POSSIBLY DIFFERENT FOR SUBSTRATE 
C (DCUTS) AND OVERLAYER (DCUTO) 
DCUTS = - 5.0 * DCUT0/(AMIN1(VPIS, - 0.05)) 
DCUTO = - 5.0 * DCUT0/(AMIN1(VPI0, - 0.05)) 
WRITE (6,380) VPIS, VPIO, DCUTS, DCUTO 
C FIX TEMPERATURE T. T MAY BE INCREASED STEPWISE IN A LOOP OVER THE 
C INPUT RANGE (TI,TF) WITH INPUT STEP DT 
770 T = TI 
780 WRITE (6,390) T 
C 
C 
C START WITH OVERLAYER: E NOW BECOMES ENERGY IN OVERLAYER 
E = EC - VO 
E3 = E 
C PRODUCE ATOMIC T-MATRIX ELEMENTS FROM PHASE SHIFTS, CORRECTED FOR 
C THERMAL VIBRATION (CAF AND TSF) OR NOT (AF AND TSFO). AF AND CAF 
C ARE USED FOR BRAVAIS-LATTICE LAYERS. TSFO AND TSF ARE USED FOR 
C COMPOSITE LAYERS. 
C THIS CALL IS FOR SULPHUR (IEL=2 IN INPUT SEQUENCE OF PHASE SHIFTS) 
CALL TSCATF(2,L1,ES,PHSS,NPSI,IT2,E,0.,PPP,NN1,NN2,NN3,DR02, 
1DRPER2,DRPAR2,T0,T,TSF0,TSF,AF,CAF) 




C IT=(0),1 MEANS INCLUDE (NO) EXPLICIT DEBYE-WALLER FACTORS IN MSMF 
IT=0 
TV = TVB 
VP I = VPIO 
VPI1 = VPIO 
C PERFORM PLANAR LATTICE SUM IN FMAT. IF MUFFIN-TIN CONSTANTS AND 
C DAMPINGS IN SUBSTRATE AND OVERLAYER ARE EQUAL, DO LATTICE SUMS FOR 
C BOTH TYPES OF LAYERS NOW (NLS=NL IMPLIES: DO ALL SUBLATTICES)• 
C OTHERWISE DO ONLY OVERLAYER LATTICE SUM (NLS=1 IMPLIES: DO ONLY THE 
C SUBLATTICE EQUAL TO THE OVERLAYER LATTICE) 
NLS = 1 
IF (ABS(VPIS-VPIO)+ABS(VO) .LE. 1.0E-4) NLS = NL 
CALL FMAT (FLMS, V, JJS, NL, NLS, DCUTO, IDEG, LMAX'KLM) 
C PRODUCE REFLECTION (ROV) AND TRANSMISSION (TOV) MATRICES FOR THE 
C OVERLAYER. ONLY ONE REGISTRY: ID=1. ONLY ONE SUBLATTICE: NLL=1. 
C OVERLAYER SYMMETRIES AND REGISTRIES APPLY: LAY=1. TEMPERATURE-
82、 






C WRITE IDENTIFICATION AA ON MAG.TAPE TOGETHER WITH ROV AND TOV. 
C AA = ASB(l) * 0.529 
C COPY DIFFRACTION MATRICES FROM MAGNETIC TAPE (UNIT 9). 10 < 0 




C CONSIDER SUBSTRATE NEXT. CHOOSE CORRECT ENERGY 
E = EC 
E3 = E 
C PRODUCE ATOMIC T-MATRIX ELEMENTS FOR SUBSTRATE 
CALL TSCATF(1,L1,ES,PHSS,NPSI,IT1,E,0.,PPP,NN1,NN2,NN3,DR01, 
1DRPER1,DRPAR1,T0,T,TSF0,TSF,AF,CAF) 






VP I = VPIS 
VPII : VPIS 
IF (ABS(VPIS-VPIO)+ABS(VO) .LE. 1.0E-4) GO TO 930 
C PERFORM PLANAR LATTICE SUMS FOR SUBSTRATE IF NOT DONE BEFORE 
CALL FMAT (FLMS, V, JJS, NL, NL, DCUTS, IDEG, LMAX,KLM) 
C PRODUCE REFLECTION (RAI,RA2)+TRANSMISSION (TA1,TA2) MATRICES 
C FOR SUBSTRATE LAYERS. TWO REGISTRIES: ID=2 (RAI FOR REGISTRY 
C SSI) NLL=NL SUBLATTICES. SUBSTRATE LAYER 
C SYMMETRIES AND REGISTRIES APPLY: LAY=2. 
C FIRST BEAM SET FIRST (NAA BEAMS) 
930 N0FF1=NT*NP+1 
NAA = NB(1) 
CALL MSMF(RSP,TSP,RSP(N0FF1),TSP(N0FF1),RSP,TSP, 
#RSP,TSP,NAA,NT,NP,AMULT,CYLM, 
1PQ,SYM,NT,FLMS,FLM,V,NL, 0, 0,2,NL,CAF,CAF,L1,LX,LXI,LMMAX,KLM, 
2XEV,X0D,LEV,L0D,YLM ,YLME,YLMO,IPLE,IPL0,CLM,NLM,2) 
WRITE (6,410) 
C SECOND BEAM SET NEXT (NBB BEAMS; NOTE OFFSETS NA=NS=NAA) 







C DEFINE SEVERAL RELEVANT INTERLAYER VECTORS 
DO 931 1=1,3 
931 ASC(I)=ASB(I) 
DO 932 1=1,3 
932 ASCM(I)=ASC(I) 
DO 933 1=1,3 
933 ASBM(I)=ASB(I) 
DO 934 1=1,3 
934 ASAM(I)=ASA(I) 
C SET UP INTERLAYER VECTORS FOR NON-PERIODIC AND PERIODIC REGIONS 
DO 1131 J=1,3 
1131 ASP(J,1)=ASA(J) 
DO 1132 J=1,3 
1132 ASP(J,2)=ASA(J) 
DO 1133 J=1,3 
1133 ASNP(J,1)=ASB(J) 




DO 1134 1=3,4 
DO 1134 J=1,3 
1134 ASNP(J,I)=ASA(J) 
C LOOP 1160 RUNS OVER GEOMETRIES: HERE THE OVERLAYER SPACING 
C ASNP IS VARIED. 
DO 1160 1 = 1 , NSTEP 
DO 1140 J=1,3 
1140 A S ( J ) = A S N P ( J J ) * 0 . 5 2 9 
A=AS(1) 




C COMPUTE REFLECTED INTENSITIES (AT) FROM AMPLITUDES (XI) PRINT AND 
C PUNCH(NPNCH=1;PUNCH LAYER SPACING A ALSO FOR LATER IDENTIFICATION) 
CALL RINT(NT,XI,AT,PQ,PQF,SYM,W,THETA,FI,MPU,NPUC,EEV,A 1) 
ASNP(1,1)=ASNP(1 J ) + S T E P 
1160 CONTINUE 
IF (IT1+IT2+IT3) 980,990,980 
980 T = T + DT 
IF (DT.LE.0.0001) GO TO 990 
IF (T-TF) 780, 780, 990 
990 E = E + DE 
EC = E 
E3 = E 
IF (E-EF) 700, 700, 680 




C INPUT PARAMETERS FOR 4-FOLD TOP SITE 
ASAD=-0.048,VOR=16,TOP,VI=8 
“ 2 1 IDEG NL1 NL2 
2 56 5 KNBS KNT NPUN 
12 NPSI 
2.6900 0.0000 ARA1 
0.0000 2.6900 ARA2 
0.0000 0.0000 SSI 
0.5000 0.5000 SS2 
0.0000 0.0000 SS3 
0.0000 0.0000 SS4 
1.9020 0.0000 0.0000 ASA 
2.6900-2.6900 ARB1 
2.6900 2.6900 ARB2 
0.0000 0.0000 SOI 
0.0000 0.0000 S02 、 
0.0000 0.0000 S03 
2.2500 0.0000 0.0000 ASB 
0.5000 1.0000 0.1000 FR ASE STEP 
5 NSTEP 
28 KNB(I) 
0.0000 0.0000 1 1 BEAMS 
1.0000 0.0000 7 7 
1.0000 1.0000 7 7 
2.0000 0.0000 7 7 
2.0000 1.0000 10 10 
2.0000 2.0000 7 7 
3.0000 0.0000 7 7 
3.0000 1.0000 10 10 
3.0000 2.0000 10 10 
4.0000 0.0000 7 7 
4.0000 1.0000 10 10 
3.0000 3.0000 7 7 
4.0000 2.0000 10 10 
5.0000 0.0000 7 7 
5.0000 1.0000 10 10 
4.0000 3.0000 10 10 
5.0000 2.0000 10 10 
4.0000 4.0000 7 7 
5.0000 3.0000 10 10 
5.0000 4.0000 10 10 
5.0000 5.0000 7 7 
6.0000 0.0000 7 7 
6.0000 1.0000 10 10 
6.0000 2.0000 10 10 
6.0000 3.0000 10 10 
6.0000 4.0000 10 10 
6.0000 5.0000 10 10 
6.0000 6.0000 7 7 
28 KNB(2) 
0.5000 0.5000 7 7 
0.5000 1.5000 10 10 
1.5000 1.5000 7 7 
2.5000 0.5000 10 10 
2.5000 1.5000 10 10 
3.5000 0.5000 10 10 
2.5000 2.5000 7 7 
3.5000 1.5000 10 10 
3.5000 2.5000 10 10 
4.5000 0.5000 10 10 
4.5000 1.5000 10 10 
4.5000 2-5000 10 10 
3.5000 3.5000 7 7 
4.5000 3.5000 10 10 
4.5000 4.5000 7 7 
5.5000 0.5000 10 10 
5.5000 1.5000 10 10 
85、 
5.5000 2.5000 10 10 
5.5000 3.5000 10 10 
5.5000 4.5000 10 10 
5.5000 5.5000 7 7 
6.5000 0.5000 10 10 
6.5000 1.5000 10 10 
6.5000 2.5000 10 10 
6.5000 3.5000 10 10 
6.5000 4.5000 10 10 
6.5000 5.5000 10 10 
6.5000 6.5000 10 10 
0.0020 tsT 
2 3 4 29 30 NPU 
0.00 0.00 THETA FI 
0.00 16.00 VO VV 
0.0010 EPS 
5 LITER 
1 1 0 IT1 IT2 ITS 
406.0000 102.9050 1.4000 1.4000 0.0000 THDB1 AMI FPERI FPAR1 DR01 
2400.0000 32.0640 2.0000 2.0000 0.0000 THDB2 AM2 FPER2 FPAR2 DR02 
1.0000 1.0000 1.0000 1.0000 0.0000 THDB3 AM3 FPER3 FPAR3 DR03 




••5534 -.1344 2.6414 .0033 .0001 .0000 .0000 .0000 RH 
1.0732 2.8494 0.0273 0.0006 .0000 ,0000 .0000 .0000 S 
.4000 
-.6591 -.1824 2.7179 .0086 .0003 .0000 .0000 .0000 
0.9117 4.0467 0.0559 0.0013 0.0000 0.0000 0.0000 0.0000 
.5000 
-.7564 -.2288 2.7117 .0178 .0007 .0000 .0000 .0000 
0.7791 4.1560 0.0980 0.0028 0.0000 0.0000 0.0000 0.0000 
.7500 
-•9739 -.3398 2.6526 .0658 .0038 .0002 .0000 .0000 
0.5196 4.2295 0.2711 0.1070 0.0006 0.0000 0.0000 0.0000 
1.0000 
-1.1643 -.4468 2.5964 .1653 .0115 .0009 .0001 .0000 
0-3204 4.1969 0.5369 0.0254 0.0016 0.0000 0.0000 0.0000 
1.5000 
-1.4863 -.6518 2.5183 .5829 .0493 .0057 .0005 .0000 
0.0019 4.0671 1.0631 0.0826 0.0079 0.0006 0.0000 0.0000 
2.0000 
-1.7495 -.8414 2.4632 1.1648 .1250 .0191 .0025 .0003 
-0-2004 3.9374 1.3204 0.1573 0.0220 0.0022 0.0003 0.0000 
3.0000 
-2.1541-1.1623 2.3520 1.8562 .3605 .0845 .0171 .0028 
-0.5140 3.7354 1.4904 0.4040 0.0817 0.0132 0.0016 0.0003 
4.0000 
-2.4546-1.4114 2.2346 2.1704 .5922 .1932 .0545 .0125 
-0.7364 3.5930 1.5683 0.5796 0.1740 0.0393 0.0069 0.0009 
5.0000 
-2.6965-1.6116 2.1309 2.3333 .7747 .3079 .1132 .0340 
-0.9139 3.4812 1.6195 0.6833 0.2708 0.0817 0.0188 0.0035 
6.0000 
-2.9033-1.7827 2.0421 2.4319 .9278 .4063 .1797 .0678 
-1.0659 3.3835 1.6A65 0.7515 0.3497 0.1335 0.0386 0.0088 
7.0000 
-3.08A5-1.9347 1.9614 2.5025 1.0553 .4913 .2416 .1088 
-1-2180 3.2858 1.6735 0.8196 0.4285 0.1854 0.0584 0.0141 
-8.0000 VOI 
-0.0480 ASA2 
50.00 248.00 2.00 EI EF DE 
-10.00 EI EF DE 
86、 
C INPUT PARAMETERS FOR THE TWO-FOLD BRIDGE SITE 
VOR=24,ASD=-0.143,VI=08 
4 2 1 IDEG NL1 NL2 
2 56 8 KNBS KNT NPUN 
12 NPSI 
2.6900 0.0000 ARA1 
0.0000 2.6900 ARA2 
0.5000 0.0000 SSI 
0.0000 0.5000 SS2 
0.0000 0.0000 SS3 
0.0000 0.0000 SS4 
1.9020 0.0000 0.0000 ASA 
2.6900-2.6900 ARB1 
2.6900 2-6900 ARB2 
0.0000 0.0000 SOI 
0.0000 0.0000 S02 
0.0000 0.0000 S03 
1.9000 0.0000 0.0000 ASB 
0.5000 1.0000 0.1000 FR ASE STEP 
5 NSTEP 
28 KNB(I) 
0.0000 0.0000 1 1 BEAMS 
1.0000 0.0000 2 2 
0 .0000 -1 .0000 2 2 
1.0000 1.0000 9 9 
2.0000 0.0000 2 2 
0.0000-2.0000 2 2 
2.0000 1.0000 9 9 
1.0000-2.0000 9 9 
2.0000 2.0000 9 9 
3.0000 0.0000 2 2 
0.0000-3.0000 2 2 
3.0000 1.0000 9 9 
1.0000-3.0000 9 9 
3.0000 2.0000 9 9 
2.0000-3.0000 9 9 
3.0000 3.0000 9 9 
4.0000 0.0000 2 2 
0.0000-4.0000 2 2 
4.0000 1.0000 9 9 
1.0000-4.0000 9 9 
4.0000 2.0000 9 9 
2.0000-4.0000 9 9 
4.0000 3.0000 9 9 
3.0000-4.0000 9 9 
4.0000 4.0000 9 9 
5.0000 0.0000 2 2 
0.0000-5.0000 2 2 
5.0000 1.0000 9 9 
28 <NB(2) 
0.5000 0.5000 9 9 
0.5000 1.5000 9 9 
1.5000-0.5000 9 9 
1.5000 1.5000 9 9 
2.5000 0.5000 9 9 
0.5000-2.5000 9 9 
2.5000 1.5000 9 9 
1.5000-2.5000 9 9 
2.5000 2.5000 9 9 
3.5000 0.5000 9 9 
0.5000-3.5000 9 9 
3.5000 1.5000 9 9 
1.5000-3.5000 9 9 
3.5000 2.5000 9 9 
2.5000-3.5000 9 9 
3.5000 3.5000 9 9 
4.5000 0.5000 9 9 
87、 
0 . 5 0 0 0 - 4 . 5 0 0 0 9 9 
4 . 5 0 0 0 1 . 5 0 0 0 9 9 
1 . 5 0 0 0 - 4 . 5 0 0 0 9 9 
A . 5 0 0 0 2 . 5 0 0 0 9 9 
2 . 5 0 0 0 - 4 . 5 0 0 0 9 9 
4 . 5 0 0 0 3 . 5 0 0 0 9 9 
3 . 5 0 0 0 - 4 . 5 0 0 0 9 9 
4 . 5 0 0 0 4 . 5 0 0 0 9 9 
5 . 5 0 0 0 0 . 5 0 0 0 9 9 
0 . 5 0 0 0 - 5 . 5 0 0 0 9 9 
5 . 5 0 0 0 1 . 5 0 0 0 9 9 
0.0020 tsT 
2 3 4 5 6 29 30 31 NPU 
0.00 0.00 THETA FI 
0 .00 24.00 VO W 
0.0010 EPS 
5 LITER 
1 1 0 IT1 I T 2 I T 3 
二 1 二 - 9 0 5 0 1 . _ 。 1-^000 0.0000 THDB1 AMI FPER1 FPAR1 DR01 
32.0640 2.0000 2.0000 0.0000 THDB2 AM2 FPER2 FPAR2 DR02 
1.000。 1.000。 1-0000 0.0000 THDB3 AM3 FPER3 FPAR3 DR03 




-.5534 -.1344 2.6414 .0033 .0001 .0000 .0000 .0000 RH 
1.0732 2.8494 0.0273 0.0006 .0000 .0000 .0000 0000 S 
.4000 ‘ 
-.6591 -.1824 2.7179 .0086 .0003 .0000 .0000 .0000 
0.9117 4.0467 0.0559 0.0013 0.0000 0.0000 0.0000 0 0000 
.5000 
-.7564 -.2288 2.7117 .0178 .0007 .0000 .0000 .0000 
0.7791 4.1560 0.0980 0.0028 0.0000 0.0000 0.0000 0 0000 
.7500 
-.9739 -.3398 2.6526 .0658 .0038 .0002 .0000 .0000 
0.5196 4.2295 0.2711 0.1070 0.0006 0.0000 0.0000 0 0000 
1.0000 “ 
-1.1643 -.4468 2.5964 .1653 .0115 .0009 .0001 .0000 
0.3204 4.1969 0.5369 0.0254 0.0016 0.0000 0.0000 0 0000 
1.5000 
-1.4863 -.6518 2.5183 .5829 .0A93 .0057 .0005 .0000 
0.0019 4.0671 1.0631 0.0826 0.0079 0.0006 0.0000 0 0000 
2.0000 
-1.7495 -.8414 2.4632 1.1648 .1250 .0191 .0025 0003 
-0-2004 3.9374 1.3204 0.1573 0.0220 0.0022 0.0003 0 0000 
3.0000 
-2.1541-1.1623 2.3520 1.8562 .3605 .0845 .0171 .0028 
-0.5140 3.7354 1.4904 0.4040 0.0817 0.0132 0.0016 0 0003 
4.0000 “ 
-2.4546-1.4114 2.2346 2.1704 .5922 .1932 .0545 .0125 
-0.7364 3.5930 1.5683 0.5796 0.1740 0.0393 0.0069 0.0009 
5.0000 
-2.6965-1.6116 2.1309 2.3333 .7747 .3079 .1132 0340 
-0.9139 3.4812 1.6195 0.6833 0.2708 0.0817 0.0188 0 0035 
6.0000 
-2.9033-1.7827 2.0421 2.4319 .9278 .4063 .1797 .0678 
-1.0659 3.3835 1.6465 0.7515 0.3497 0.1335 0.0386 0.0088 
7.0000 
-3.0845-1.9347 1.9614 2.5025 1.0553 .4913 .2416 .1088 
-1.2180 3.2858 1.6735 0.8196 0.4285 0.1854 0.0584 0 0141 
-8.0000 VOI 
-0.1430 ASAD 
50.00 248.00 2.00 EI EF DE 
-10.00 EI EF DE 
88、 
C INPUT PARAMETERS FOR 4-FOLD HOLLOW SITE 
A S A D = + 0 . 1 4 3 , V 0 R = 6 . 9 , H O L L O W , V I = 8 
“ 2 1 IDEG NL1 NL2 
2 56 5 KNBS KNT NPUN 
12 NPSI 
2.6900 0.0000 ARA1 
0.0000 2.6900 ARA2 
0.5000 0.5000 SSI 
0.0000 0.0000 SS2 
0.0000 0.0000 SS3 
0.0000 0.0000 SS4 
1.9020 0.0000 0.0000 ASA 
2.6900-2.6900 ARB1 
2.6900 2.6900 ARB2 
0.0000 0.0000 SOI 
0.0000 0.0000 S02 
0.0000 0.0000 S03 
1.2000 0.0000 0.0000 ASB 
0.5000 1.0000 0.0500 FR ASE STEP 
5 NSTEP 
28 KNB(1) 
0.0000 0.0000 1 1 BEAMS 
1.0000 0.0000 7 7 
1.0000 1.0000 7 7 
2.0000 0.0000 7 7 
2.0000 1.0000 10 10 
2.0000 2.0000 7 7 
3.0000 0.0000 7 7 
3.0000 1.0000 10 10 
3.0000 2.0000 10 10 
4.0000 0.0000 7 7 
4.0000 1.0000 10 10 
3.0000 3.0000 7 7 
4.0000 2.0000 10 10 
5.0000 0.0000 7 7 
5.0000 1.0000 10 10 
4.0000 3.0000 10 10 
5.0000 2.0000 10 10 
4.0000 4.0000 7 7 
5.0000 3.0000 10 10 
5.0000 4.0000 10 10 
5.0000 5.0000 7 7 
6.0000 0.0000 7 7 
6.0000 1.0000 10 10 
6.0000 2.0000 10 10 
6.0000 3.0000 10 10 
6.0000 4.0000 10 10 
6.0000 5.0000 10 10 
6.0000 6.0000 7 7 
28 KNB(2) 
0.5000 0.5000 7 7 
0.5000 1.5000 10 10 
1.5000 1.5000 7 7 
2.5000 0.5000 10 10 
2.5000 1.5000 10 10 
3.5000 0.5000 10 10 
2.5000 2.5000 7 7 
3.5000 1.5000 10 10 
3.5000 2.5000 10 10 
4.5000 0.5000 10 10 
4.5000 1.5000 10 10 
4.5000 2.5000 10 10 
3.5000 3.5000 7 7 
A.5000 3.5000 10 10 
4.5000 4.5000 7 7 
5.5000 0.5000 10 10 
5.5000 1.5000 10 10 
89、 
5 . 5 0 0 0 2 . 5 0 0 0 10 10 
5 . 5 0 0 0 3 . 5 0 0 0 10 10 
5 . 5 0 0 0 4 . 5 0 0 0 10 10 
5 . 5 0 0 0 5 . 5 0 0 0 7 7 
6 . 5 0 0 0 0 . 5 0 0 0 10 10 
6 . 5 0 0 0 1 . 5 0 0 0 10 10 
6 . 5 0 0 0 2 . 5 0 0 0 10 10 
6 . 5 0 0 0 3 . 5 0 0 0 10 10 
6 . 5 0 0 0 4 . 5 0 0 0 10 10 
6 . 5 0 0 0 5 . 5 0 0 0 10 10 
6 . 5 0 0 0 6 . 5 0 0 0 10 10 
0.0020 TST 
2 3 4 29 30 NPU 
0.00 0.00 THETA FI 
0 .00 6 .90 VO W 
0.0010 EPS 
5 L I T E R 1 
1 1 0 IT1 I T 2 I T 3 
4 0 6 . 0 0 0 0 1 0 2 . 9 0 5 0 1 . 4 0 0 0 1 . 4 0 0 0 0 . 0 0 0 0 THDB1 AMI FPER1 FPAR1 DR01 
2 4 0 0 . 0 0 0 0 3 2 . 0 6 4 0 2 . 0 0 0 0 2 . 0 0 0 0 0 . 0 0 0 0 THDB2 AM2 FPER2 FPAR2 DR02 
1 . 0 0 0 0 1 . 0 0 0 0 1 . 0 0 0 0 1 . 0 0 0 0 0 . 0 0 0 0 THDB3 AM3 FPER3 FPAR3 DR03 
3 0 0 . 0 0 0 0 J J J P QJ 
1 LMAX 
2 NEL 
. 3 0 0 0 
" • 5 5 3 4 - . 1 3 4 4 2 . 6 4 1 4 . 0 0 3 3 . 0 0 0 1 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 RH 
1 . 0 7 3 2 2 . 8 4 9 4 0 . 0 2 7 3 0 . 0 0 0 6 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 0000 S 
. 4 0 0 0 
- . 6 5 9 1 - . 1 8 2 4 2 . 7 1 7 9 . 0 0 8 6 . 0 0 0 3 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 
0 . 9 1 1 7 4 . 0 4 6 7 0 . 0 5 5 9 0 . 0 0 1 3 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 0000 
. 5 0 0 0 
- . 7 5 6 4 - . 2 2 8 8 2 . 7 1 1 7 . 0 1 7 8 . 0 0 0 7 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 
0 . 7 7 9 1 4 . 1 5 6 0 0 . 0 9 8 0 0 . 0 0 2 8 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 0000 
. 7 5 0 0 • 
- . 9 7 3 9 - . 3 3 9 8 2 . 6 5 2 6 . 0 6 5 8 . 0 0 3 8 . 0 0 0 2 . 0 0 0 0 . 0 0 0 0 
0 . 5 1 9 6 4 . 2 2 9 5 0 . 2 7 1 1 0 . 1 0 7 0 0 . 0 0 0 6 0 . 0 0 0 0 0 . 0 0 0 0 0 0000 
1.0000 • 
- 1 . 1 6 4 3 - . 4 4 6 8 2 . 5 9 6 4 . 1 6 5 3 . 0 1 1 5 . 0 0 0 9 . 0 0 0 1 . 0 0 0 0 
0 . 3 2 0 4 4 . 1 9 6 9 0 . 5 3 6 9 0 . 0 2 5 4 0 . 0 0 1 6 0 . 0 0 0 0 0 . 0 0 0 0 0 0000 
1 . 5 0 0 0 ‘ 
- 1 . 4 8 6 3 - . 6 5 1 8 2 . 5 1 8 3 . 5 8 2 9 . 0 4 9 3 . 0 0 5 7 . 0 0 0 5 . 0 0 0 0 
0 . 0 0 1 9 4 . 0 6 7 1 1 . 0 6 3 1 0 . 0 8 2 6 0 . 0 0 7 9 0 . 0 0 0 6 0 . 0 0 0 0 0 0000 
2.0000 
- 1 . 7 4 9 5 - . 8 4 1 4 2 . 4 6 3 2 1 . 1 6 4 8 . 1 2 5 0 . 0 1 9 1 . 0 0 2 5 . 0 0 0 3 
- 0 - 2 0 0 4 3 . 9 3 7 4 1 . 3 2 0 4 0 . 1 5 7 3 0 . 0 2 2 0 0 . 0 0 2 2 0 . 0 0 0 3 0 . 0 0 0 0 
3 . 0 0 0 0 
- 2 . 1 5 4 1 - 1 . 1 6 2 3 2 . 3 5 2 0 1 . 8 5 6 2 . 3 6 0 5 . 0 8 4 5 . 0 1 7 1 . 0 0 2 8 
- 0 . 5 1 4 0 3 . 7 3 5 4 1 . 4 9 0 4 0 . 4 0 4 0 0 . 0 8 1 7 0 . 0 1 3 2 0 . 0 0 1 6 0 0003 
4 . 0 0 0 0 
- 2 . 4 5 4 6 - 1 . 4 1 1 4 2 . 2 3 4 6 2 . 1 7 0 4 . 5 9 2 2 . 1 9 3 2 . 0 5 4 5 . 0 1 2 5 
- 0 . 7 3 6 4 3 . 5 9 3 0 1 . 5 6 8 3 0 . 5 7 9 6 0 . 1 7 4 0 0 . 0 3 9 3 0 . 0 0 6 9 0 0 0 0 9 
5 . 0 0 0 0 • 
- 2 . 6 9 6 5 - 1 . 6 1 1 6 2 . 1 3 0 9 2 . 3 3 3 3 . 7 7 4 7 . 3 0 7 9 . 1 1 3 2 0340 
- 0 . 9 1 3 9 3 . 4 8 1 2 1 . 6 1 9 5 0 . 6 8 3 3 0 . 2 7 0 8 0 . 0 8 1 7 0 . 0 1 8 8 0 . 0 0 3 5 
6.0000 
- 2 . 9 0 3 3 - 1 . 7 8 2 7 2 . 0 4 2 1 2 . 4 3 1 9 . 9 2 7 8 . 4 0 6 3 . 1 7 9 7 . 0 6 7 8 
- 1 . 0 6 5 9 3 . 3 8 3 5 1 . 6 4 6 5 0 . 7 5 1 5 0 . 3 4 9 7 0 . 1 3 3 5 0 . 0 3 8 6 0 0 0 8 8 
7 . 0 0 0 0 
- 3 . 0 8 4 5 - 1 . 9 3 4 7 1 . 9 6 1 4 2 . 5 0 2 5 1 . 0 5 5 3 . 4 9 1 3 . 2 4 1 6 1088 
- 1 . 2 1 8 0 3 . 2 8 5 8 1 . 6 7 3 5 0 . 8 1 9 6 0 . 4 2 8 5 0 . 1 8 5 4 0 . 0 5 8 4 0 . 0 1 4 1 
- 8 . 0 0 0 0 VOI 
0 . 1 4 3 0 ASA2 
5 0 . 0 0 2 4 8 . 0 0 2 . 0 0 E I E F DE 
- 1 0 . 0 0 E I EF DE 
90、 
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